Abstract Clinical translation of tubulin inhibitors for treating melanoma is limited by multidrug efflux transporters, poor aqueous solubility, and dose-limiting peripheral toxicities. Tubulin inhibitors with efficacy in taxane-resistant cancers are promising drug candidates and can be used as single agent or in conjunction with other chemotherapy. Systemic therapy of such a novel tubulin inhibitor, 2-(1H-indol-5-yl)thiazol-4-yl)3,4,5-trimethoxyphenyl methanone (abbreviated as LY293), is limited by its poor aqueous solubility. The objective of this study was to design a polymeric nanocarrier for systemic administration of LY293 to improve tumor accumulation and reduce side effects of tubulin inhibitor in a lung metastasis melanoma mouse model. Methoxy polyethylene glycol-b-poly(carbonate-co-lactide) (mPEG-b-P(CB-co-LA)) random copolymer was synthesized and characterized by 1 H NMR and gel permeation chromatography (GPC). Polymeric nanoparticles were formulated using oil/water (o/w) emulsification method with a mean particle size of 150 nm and loading efficiency of 7.40 %. Treatment with LY293-loaded nanoparticles effectively inhibited the proliferation of melanoma cells in vitro and exhibited concentration-dependent cell cycle arrest in G2/M phase. Mitotic arrest activated the intrinsic apoptotic machinery by increasing the cellular levels of cleaved poly ADP ribose polymerase (PARP) and fraction of sub-G1 cells. In vivo, LY293-loaded nanoparticles significantly inhibited the proliferation of highly aggressive metastasized melanoma in a syngeneic lung metastasis melanoma mouse model without toxicity to vital organs. In conclusion, we have designed a promising polymeric nanocarrier for systemic delivery of LY293 for treating metastatic melanoma while minimizing the toxicity associated with the administration of cosolvents.
Introduction
Melanoma is the fifth most common cancer in the USA, and its incidence is increasing by 1.9 % annually (http://seer. cancer.gov/statfacts/html/melan.html). Due to the high propensity of melanoma for metastasis to lungs, liver, brain, and bones, its treatment remains a challenge and is associated with the poor survival rate. While surgery and radiation are the first-line therapy for treating localized melanoma, systemic therapy is the cornerstone of clinical management of metastatic melanoma [1] . Currently, dacarbazine (DTIC) and kinase inhibitors are the FDA-approved drugs for the treatment of metastatic melanoma. DTIC, an alkylating agent, exhibits modest efficacy and does not significantly prolong the survival benefit [2] (less than 5 % complete remission), whereas resistance develops invariably upon treatment with kinase inhibitors which restricts the prolonged systemic therapy with these inhibitors [3, 4] .
Tubulin inhibitors like vinca alkaloids and taxanes such as paclitaxel have been clinically prescribed as a single agent or in combination with other chemotherapeutic agents [5, 6] . Encouraged by the clinical utility of tubulin inhibitors, we have previously reported the synthesis of tubulin inhibitors with antiproliferative IC 50 in nanomolar range for the treatment of metastatic melanoma [7, 8] . LY293, a five indole derivative analog, binds to colchicine binding site and does not exhibit clinically prevalent drug resistance mechanism such as multidrug resistance (MDR) protein, breast cancer resistance protein (BCRP), and P-glycoprotein (P-gp) [8, 9] . Like paclitaxel, poor aqueous solubility of LY293 necessitates the use of cosolvent for its systemic delivery [10] . Due to poor aqueous solubility, we have previously administered PEG300 solution of LY293 structure analog through intraperitoneal route for efficacy studies in lung metastasis melanoma model [10] . However, prolonged administration of drugs using cosolvents as a solubilizing agent is associated with hemolysis and acute hypersensitivity due to cosolvents which require administration of antihistamines and steroids [11, 12] . Additionally, nonspecific distribution of tubulin inhibitors like paclitaxel is associated with dose-limiting toxicity of myelosuppression and peripheral neuropathy. Biodegradable polymeric nanoparticles are attractive formulation strategies for solubilizing the hydrophobic drug within their core and modulate the drug release [13] [14] [15] . Modulation of drug release and preferential accumulation of nanoparticles at tumor through enhanced permeation and retention (EPR) effect reduce dose-limiting toxicity like peripheral neuropathy and myelosuppression [16, 17] . Amphiphilic poly(ethylene glycol) (PEG)-based diblock polyester copolymers of lactide, glycolide, and caprolactone have been synthesized for preparing nanoparticles for delivery of hydrophobic drugs [15] . We have previously engineered the hydrophobic core of the polyester component of the copolymer into polyester/polycarbonate component to improve the drug loading of (2-(1H-indol-5-yl)thiazol-4-yl)3,4,5-trimethoxyphenyl methanone (LY293) [14, 18] .
In this study, we have synthesized methoxy polyethylene glycol-b-poly(carbonate-co-lactide) (mPEG-b-P(CB-co-LA)) copolymer for effective encapsulation of LY293 in nanocarriers as well as for enhanced tumor accumulation compared to free drug. Synthesized mPEG-b-P(CB-co-LA) diblock random copolymer of lactide and carbonate was characterized and utilized for nanoparticle formulation of LY293. Concentration-dependent effect of LY293-loaded nanoparticles on cell cycle and mechanism of apoptosis was studied. Finally, efficacy of LY293-loaded nanoparticles in syngeneic B16F10 lung metastatic melanoma mouse model was evaluated against cosolvent solution of LY293.
Materials and methods

Materials
2,2-Bis(hydroxymethyl)propionic acid, methoxy poly (ethylene glycol) (mPEG, number average molecular weight (Mn)=5,000), 8-diazabicycloundec-7-ene (DBU), 1,5,7-triazabicyclodecene (TBD), benzyl bromide, 2,2-bis(hydroxymethyl) propionic acid, and L-lactide were purchased from Sigma-Aldrich (St. Louis, MO) and used as received. Dulbecco's modified Eagle's medium (DMEM) medium was purchased from Invitrogen (Carlsbad, CA). All primary antibodies were purchased from Cell Signaling (Beverly, MA). B16F10 mouse melanoma cell line and A375 human melanoma cell line were acquired from American Type Culture Collection, and no authentication was performed by us. All other reagents were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise stated and were used as received. Cells were cultured in DMEM supplemented with 10 % fetal bovine serum (FBS) (Atlanta Biologicals) and 1 % antibiotic/antimycotic mixture (Invitrogen).
Synthesis of mPEG-b-P(CB-co-LA)
Benzyl-2,2-bis(methylol)propionate was synthesized as reported previously by reacting 2,2-bis(hydroxymethyl)propionic acid with benzyl bromide at 100°C for 15 h [14] . Monomer 5-methyl-5-benzyloxycarbonyl-1,3-dioxane-2-one (MBC) was synthesized by reacting the intermediate with triphosgene at −78°C in pyridine and dichloromethane. Random MBC and lactide block copolymer (mPEG-b-P(CB-co-LA)) with target molecular weight of 30,000 Da was obtained by ring opening polymerization of L-lactide and MBC using mPEG as macroinitator and DBU (2.5 mol relative to mPEG) as catalyst [19, 20] . Reaction was carried out in DCM at room temperature for 6 h, after which benzoic acid was added to quench the catalyst. The resulting solution was concentrated to approximately 50 % of its initial volume and added dropwise into excess of cold isopropanol for polymer precipitation. Following synthesis, the copolymer was characterized by 1 H NMR and gel permeation chromatography (GPC). For 1 H NMR, chemical shifts were calibrated using tetramethylsilane as reference and reported as parts per million. The molecular weight and polydispersity index (PDI) of mPEG-b-P(CB-co-LA) polymers were determined by GPC using a Shimadzu GPC system equipped with a Styragel HR 4E GPC column and a differential refractive index detector. Dimethyl formamide (DMF) was used as eluent at a flow rate of 0.5 mL/min. Narrow PEG standards (5,800-71,700 g/mol) from American Polymer Standards Corp. were used for generating standard curves, and the data was processed using LC Solution ver. 1.21 GPC option software.
Preparation and characterization of nanoparticles
Blank and LY293-loaded nanoparticles were prepared by oil/ water (o/w) emulsification using 1 % polyvinyl alcohol as an emulsifier [18] . mPEG-b-P(CB-co-LA) and drug dissolved in dichloromethane and acetone mixture (1:1 ratio) were emulsified using a Misonix ultrasonic liquid processor (Farmingdale, NY) at amplitude of 20 for 2 min. Organic phase was removed by a rotavapor to obtain stabilized nanoparticles and concentrated by ultracentrifugation at 20, 000 rpm for 30 min followed by washing with water to remove polyvinyl alcohol and unentrapped drug. Mean particle diameter and size distribution of drug-loaded nanoparticles were determined via dynamic light scattering (DLS) using a Malvern Zetasizer Nano Series (Worcestershire, UK). Surface morphology and particle size of nanoparticles were determined using a transmission electron microscope (TEM) (JEM-100S Japan). Suspension of nanoparticles on a copper visualized at 60 kV with magnifications ranging from ×50, 000 to ×100,000.
Drug loading was estimated by reverse phase highperformance liquid chromatography (RP-HPLC, Shimadzu) at 290 nm wavelength using a C18 column (250 mm × 4.6 mm, Alltech, Deerfield, IL). Mobile phase composed of 65:35 V/V of acetonitrile and water was used. LY293 concentration was calculated using the peak area from a standard curve with R 2 =0.9987 and lower quantification limit of 73.42 ng/mL. Drug loading was determined by the following formula:
Percentage drug loading ¼ weight of drug weight of nanoparticle Â 100
Cell viability assay A375 and B16F10 cells were cultured in DMEM media supplemented with 10 % FBS and 1 % antibiotic-antimycotic at 37°C in humidified environment of 5 % CO 2 . Cells were seeded overnight in 24-well plates at a density of 25,000 cells per well and thereafter treated with DMSO solution of LY293 and LY293-loaded nanoparticles for 72 h. At the end of 72 h, cell culture medium was replaced with 100 μL of 0.5 mg/mL 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) solution and incubated for 3 h at 37°C. Cell culture medium was removed, and formazan crystals were dissolved in 500 μL of DMSO for measuring the absorbance. Absorbance was measured by a microplate reader at a wavelength of 560 nm. Cell viability was expressed as the percentage of the control group. DMSO control and blank nanoparticles were included in all experiments.
Propidium iodide staining and cell cycle analysis A375 and B16F10 cells were cultured overnight in a six-well plate followed by thymidine blockade for 12 h. Cells were then incubated with LY293-loaded nanoparticles for 48 h. Treated cells were trypsinized and fixed in 90 % ice-cold ethanol overnight. After washing with PBS containing RNase (1 mg/mL), cell pellet was resuspended in 5 μg/mL propidium iodide staining solution for 30 min at room temperature. Cell cycle distribution was measured by flow cytometry (Becton, Dickinson, NJ, USA). Results from 10,000 fluorescent events were obtained for cell cycle analysis.
Western blot analysis
A375 cells cultured overnight in a 12-well plate were treated with LY293 for 24 h. Subsequently, cells were lysed using RIPA buffer (Sigma-Aldrich, St. Louis, MO), and protein concentration was measured with bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL). The lysate was boiled for 5 min, subjected to a 15 % SDS-PAGE, and transferred to a PVDF membrane using iBlot™ system (Invitrogen, Carlsbad, CA). Membranes were blocked with 3 % BSA in 1× Trisbuffered saline (TBS) at room temperature for 1 h and then incubated with primary antibodies at 4°C overnight, followed by incubation with anti-goat or anti-rabbit IRDye 800CW secondary antibodies for 1 h at room temperature. All the blots were reprobed with total β-actin antibody as control. The signal of target proteins tem (Li-COR, Lincoln, NE).
In vivo anticancer efficacy study
All animal experiments were performed in accordance with the NIH animal use guidelines and protocol approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Nebraska Medical Center (UNMC, Omaha, NE). Lung metastasis in C57/BL6 mice (6-8 weeks old, weight around 20 g) was used as a tumor model. Mice were injected intravenously with 100 μL of B16F10 cell suspension containing 10 5 cells through tail vein. After 1 week, mice were divided into three groups (n=6): control, LY293 in 35 % of cosolvent (composed of propylene glycol, cremophor EL, and ethanol (50:30:20 ratio), and 65 % of dextrose solution and LY293-loaded nanoparticles. Formulations were injected into the tail vein of mice thrice a week at the dose of 15 mg/kg. Mice were sacrificed at the end of the treatment, and lungs were separated and expanded with 10 % formalin buffer. The number of lung metastasis nodules was noted, and tumor index was calculated using formula 1×a+2×b+3×c where a is the number of nodules with size <1 mm, b is the number of nodules with size between 1 and 2 mm, and c is number of nodules with size >2 mm. Animal mobility and body weight were monitored during the entire experiment period to assess any toxicity. In addition, tumor tissues were fixed in formalin buffer, and sections were stained with hematoxylin and eosin (H&E). For immunohistochemistry (IHC) analysis, sections of 5-7 μm thickness were cut and immunostained with rabbit was detected Li-COR Odyssey® infrared imaging sysgrid was negatively stained with NanoVan®. The grid was
anti-caspase-3, anti-Ki67, and anti-S100 primary antibodies, respectively. The immunoreactivity was detected using goat anti-rabbit IgG, H&L chain-specific peroxidase conjugate, and subsequent incubation with DAB substrate.
Statistical analysis
Statistical significance of the difference between the two groups was determined by an unpaired Student's t test and between several groups by one-way analysis of variance.
Results
Synthesis and characterization of mPEG-b-P(CB-co-LA)
DBU, an organic base with low nucleophilicity, and mPEG as macroinitator were utilized for synthesis of mPEG-b-P(CBco-LA) copolymer in solution at ambient temperature with high conversion rate. Synthesized mPEG-b-P(CB-co-LA) copolymer was characterized by 1 H NMR and GPC.
1
H NMR spectra was used to confirm the polymerization and calculation of molecular weight of the copolymer (Fig. 1a) . The emergence of the multiplet peak at δ=4.25-4.35 ppm and δ=7.3 ppm from the carbonate monomer and one methylene proton of lactide at δ=5.12 ppm confirms the successful ring opening polymerization and formation of mPEG-b-P(CB-co-LA) copolymers. The relative molecular weight of the lactide (LA) and MBC block was estimated based on the peak areas of three fifth of the 5.12-ppm signal and the five protons associated with the phenyl ring in the carbonate monomer at 7.3 ppm. From 1 H NMR, calculated molecular weight of mPEG-b-P(CB-co-LA) was 31,200 with 90 % conversion rate for LA and 60 % conversion rate for MBC ( Table 1) . As PEG was used as a macroinitator for ring opening polymerization, narrow PEG standards (5,800, 10,225, 14,500, 20,000, 31,380, 50,450, and 71,700 g/mol) were used to generate standard curve for GPC analysis. We characterized mPEG-b-P(CB-co-LA) copolymer by GPC, which indicated a narrow molecular weight distribution with a PDI of 1.20 ( Fig. 1b and Table 1 ). The molecular weight values determined by GPC were 29,671 for weight average molecular weight (Mw) and 24,650 for Mn. NMR and GPC data confirmed the synthesis of copolymer with controlled molecular weight with narrow molecular weight distribution. Formulation, characterization, and in vitro cytotoxicity of nanoparticles
The mean particle size of mPEG-b-P(CB-co-LA) nanoparticles was 150 nm with a PDI of 0.068 as determined by DLS. Drug loading and ultracentrifugation did not alter the particle size and its uniform distribution. TEM confirmed the uniform spherical particle of 50-70 nm (Fig. 2a) . Drug loading calculated by HPLC was 2.5, 4.11, and 7.40 % at the theoretical loadings of 2.5, 5, and 10 %, respectively ( Table 2 ). LY293-loaded nanoparticles inhibited the cancer cell proliferation as efficiently as DMSO solution of LY293 with an IC 50 of 17.5 nM in A375 and B16F10 cells (Fig. 3) . Blank nanoparticles did not elicit any cytotoxicity to the cells as expected with biodegradable polymers.
Effect of LY293-loaded mPEG-b-P(CB-co-LA) nanoparticles on cell cycle and apoptosis Tubulin polymerization inhibitors bind to tubulin and arrest the cell cycle in G2/M phase. As shown in Fig. 4a, b , 48-h treatment of A375 and B16F10 cells with LY293-loaded nanoparticles led to cell cycle arrest in G2/M phase, while no effect was observed upon treatment with blank nanoparticles. Anti-mitotic activities of LY293 resulted in significant increase in G2/M phase from 14.13±0.60 % in the control group to 54.33±0.085 and 76.19±0.94 % at 15 and 250 nM of LY293-loaded nanoparticles group in A375 (p<0.005).
Disruption of the cell cycle progression and arrest of cells in G2/M activates apoptotic cell mechanism. Treatment with LY293-loaded nanoparticles significantly increased the protein levels of cleaved PARP with a corresponding decrease in the levels of total PARP levels (Fig. 5a ). In addition, the cells in sub-G1 phase were also increased from 2.005±0.25 % in control to 28.35±0.92 and 41.9±1.76 % for 48 h at 15 and 250 nM, respectively (p<0.005). The increase of cell population in sub-G1 phase indicated that apoptotic cells were increased as LY293-loaded nanoparticle treatment arrested cells in G2/M phase (Fig. 5b, c) .
In vivo lung metastasis model
Melanoma is highly metastatic, and the lung is one of the major target organs for metastasis. We used an experimental lung metastasis mouse model established via tail vein injection of melanoma cells to test the efficacy of LY293-loaded nanoparticles in preventing tumor lung metastasis. After 2 weeks of experimental treatment, the tumor index was 84, 38, and 30 in control, the cosolvent solution of LY293, and LY293-loaded nanoparticle groups, respectively (Fig. 6a) . Tumor index was significantly different between the control and LY293-loaded nanoparticle-treated groups (p < 0.00005). Treatment with LY293 significantly reduced the nodule count and black cellular mass associated with the lungs (Fig. 7) . H&E staining of lung tissue confirmed the inhibition of proliferation of metastatic cells. As compared to the control, LY293-treated group exhibited widely patent alveoli (black arrow, Fig. 7 ) and normal lung parenchyma with limited mass of metastatic growth (solid arrow, Fig. 7 ). In the control group, normal lung parenchyma was not visible and was completely covered with the dense metastatic tissue. Higher magnification images showed both pigmented (black spots as indicated by arrow) and non-pigmented dense metastatic growth in the control group. Significant inhibition of proliferation of melanoma cells by LY293-loaded nanoparticle treatment group Weight average molecular weight and number average molecular weight were determined by GPC; PDI (Mw/Mn)
Mw weight average molecular weight, Mn number average molecular weight Fig. 2 Formulation and characterization of LY293-loaded mPEG-b-P(CB-co-LA) nanoparticles. Transmission electron microscopy (TEM) of nanoparticles using methylamine vanadate staining was further confirmed by the reduced density of S100 immunostains (Fig. 8) . Cleaved caspase-3 staining showed significant apoptosis in LY293-loaded nanoparticle group as compared to the control group. Ki67 positive staining showed significant proliferation in control group as compared to the LY293-treated group. We observed the reduction in body weight across all groups including control after treatment started. There was statistical difference for reduction in body weight between the control and LY293-loaded nanoparticle treatment group (p < 0.05). Systemic administration of LY293-loaded nanoparticles and cosolvents did not exhibit any toxicity which was confirmed by the absence of necrosis or inflammation in H&E staining of liver and kidney sections (Fig. 8 ).
Discussion
Prognosis of metastatic melanoma is poor and associated with a survival rate of less than 15 % at the end of 5 years (http://seer.cancer.gov/statfacts/html/melan.html) [21] . Inherent ability of melanocytes to survive under duress as well as the development of resistance to cytotoxic drugs remains key challenges for poor prognosis of metastatic melanoma [22] . For the last three decades since its initial FDA approval, dacarbazine remains the standard care of therapy for metastatic melanoma. However, treatment with dacarbazine leads to the development of resistance and has a poor response rate of approximately 7.5 % [1] . In spite of the clinical potential of paclitaxel and other tubulin inhibitors, ATP-dependent efflux of these drugs by transporters contributes to the development of resistance [23, 24] . To overcome MDR resistance and enhance the efficacy, we have previously synthesized potent tubulin inhibitor, phenyl thiazole (PAT)
analogs with identical nanomolar efficacy in both parent and MDR-overexpressing resistant cell lines [8] . Although calcein AM efflux assay suggested that LY293 is a P-gp substrate [18] and should not have identical IC 50 in MDR-overexpressing cell lines, this anomaly can be attributed to the excellent permeability (33×10 −6 cm/s) of LY293 analogs [25] . Unlike paclitaxel, vinblastine, and colchicine, LY293 has very high permeability, and efflux by P-gp does not limit its intracellular accumulation [26, 27] . In addition to MDR resistance, poor solubility and nonspecific distribution of tubulin inhibitors leading to the doselimiting toxicity are barriers for their systemic delivery. Nanodelivery systems have been designed to solubilize the poorly soluble drug and for effective tumor accumulation of drug through EPR effect. Enhanced tumor accumulation of nanoparticles will reduce the peripheral exposure and associated toxicity like peripheral neuropathy and myelosuppression. Additionally, nanoparticles undergo endocytic uptake and can overcome the P-gp-mediated efflux. In this paper, we have synthesized random diblock copolymer of PEG block and block comprised of carbonate and lactide for systemic delivery of LY293. This copolymer consisted of mPEG (5,000 Da) block that forms hydrophilic outer shell, while the hydrophobic core is composed of lactide and carbonate. Previously, we have shown that modification of the core with carbonate monomer improved drug encapsulation and its release from nanocarriers [14] . We have synthesized mPEG-b-P(CB-co-LA) copolymer by ring opening polymerization (ROP) of lactide and MBC using hydroxyl group of mPEG with N heterocyclic carbenes (NHCs). NHCs are strong organic bases, which allow ROP in solution at room temperature. Unlike organometallic catalyst which leads to the presence of trace amount of metal residues, there are no associated safety issues with ROP NHCs [28] . In addition, ROP by NHCs is a controlled reaction allowing polymers with desired molecular weight and narrow polydispersity index as compared to organometallic catalyst, stannous 2-ethylhexanoate (Sn(Oct) 2 ). Previously, we have used Sn(Oct) 2 as a catalyst for ROP which was associated with poor monomer conversion and low yield of polymers [18] . Moreover, ROP by Sn(Oct) 2 requires heating at elevated temperature for extended period of time which leads to transesterification and charring of the polymer [29] . For the synthesis of polymer of desired molecular weight with low PDI, two different NHCs, DBU and TBD, at molar ratios of 1, 2.5, and 5 relative to mPEG were utilized. Based on the GPC and NMR data (Fig. 1a, b and Table 1 ), we found that DBU at 2.5 M ratio for 6 h were the optimum reaction conditions. With TBD, we could synthesize the polymer of desired molecular weight, but PDI was higher as compared to DBU catalyst. This can be attributed to the higher basicity of TBD which makes it highly reactive leading to transesterification and backbiting side reaction [30] . Nederberg et al. have reported ROP of lactide and carbonate monomer of desired degree of polymerization using 1 M of DBU [19, 20] . This difference in the molar ratio of a catalyst can be attributed to the initiator used for ROP and the targeted molecular weight of the polymer.
Nanoparticles were formulated by film evaporation, dialysis, nanoprecipitation, and o/w emulsification method. However, nanoparticles formulated only by o/w emulsification method had acceptable size and drug loading. We were able to encapsulate LY293 with high efficiency (Fig. 2 and Table 2 ), which can be attributed to the ability of the hydrophobic core to solubilize LY293. In addition to the appreciable drug loading, the hydrophilic mPEG shell could prevent the aggregation by steric hindrance and possibly reduce uptake by the reticuloendothelial system (RES) for longer blood circulation [31] . We observed that an increase in initial drug loading led to a decrease in the encapsulation efficiency of LY293 which can be attributed to the limited holding capacity of the hydrophobic core, reaching saturation at higher initial drug loading with a subsequent decrease in LY293 encapsulation (Table 2) .
In vitro cytotoxicity of LY293-loaded nanoparticles showed no loss of LY293 activity against melanoma cancer cell lines (Fig. 3) . As a microtubule polymerization inhibitor, LY293 exerts its antiproliferative effect by targeting and destabilizing microtubules. The cell cycle analysis indicated that after treatment, LY293-loaded nanoparticles led to the concentration-dependent arrest of A375 and B16F10 cells in G2/M phase (Fig. 4) . Tubulin polymerization is essential for rapid proliferation of cancer cells by mitotic division, and the inhibition of tubulin polymerization results in the activation of intrinsic apoptotic pathway. Cell cycle analysis confirmed that the anticancer mechanism of LY293 is through the arrest of cell cycle in G2/M phase and subsequent activation of intrinsic apoptotic cellular machinery. In addition, LY293-loaded nanoparticle treatment resulted in significant increase in fraction of cells in sub-G1 phase (Fig. 5b, c) . This increase in cell population in sub-G1 phase indicated the fraction of cells undergoing DNA damage and apoptosis by LY293-loaded nanoparticles.
After demonstrating excellent efficacy of LY293-loaded nanoparticles against melanoma cell lines, we tested the in vivo efficacy of LY293-loaded nanoparticles in syngeneic B16F10 lung metastasis mouse model, which is an extremely aggressive metastatic model. Tumor burden as well as H&E data clearly showed that LY293-loaded nanoparticles inhibited the proliferation of metastatic B16F10 nodules (Figs. 6 and 7) . These results corroborate our previous findings where we have shown that intraperitoneal administration of structure analog of LY293 prevented the proliferation of metastasized melanoma. However, due to poor aqueous solubility, daily intraperitoneal administration at higher dose of 25 mg/kg for 2 weeks was required. In the present study, there was no significant difference between cosolvent solution and LY293-loaded nanoparticles, which can be attributed to premature release of the encapsulated drug from the nanoparticle core. Rapid diffusion of the encapsulated drug across the hydrophobic core led to premature release during circulation and did not significantly alter the distribution of LY293 towards tumor. However, by designing the polymeric nanocarrier for LY293 administration, we were able to overcome the toxicity associated with the systemic infusion of cosolvents. To minimize the premature drug release and further improve the tumor accumulation, polymeric drug conjugates have been shown to be stable in the circulation resulting in enhanced tumor accumulation. For future studies, we plan to redesign the polymeric nanocarriers for allowing chemical conjugation of the drug analogs for preferential tumor accumulation and reduction of peripheral toxicity on systemic administration.
